ardiac sympathetic stimulation simultaneously induces positive inotropic, chronotropic and direct vascular responses in the normal heart. However, the time-course of these individual responses has not been fully determined. They would be influenced by various factors such as the 'staircase phenomenon', 1-3 the 'garden hose effect', 4 extravascular compressive force and metabolic vasodilation and/or interactions between them. For a comprehensive analysis of these responses, constant cardiac sympathetic stimulation and measurements of myocardial oxygen consumption and norepinephrine release are necessary. In addition, because many previous studies did not maintain constant preloading conditions, [5] [6] [7] [8] it is difficult to quantitatively assess contractility changes by using conventional indices such as left ventricular (LV) pressure and its first pressure derivative. Moreover, previous studies of the effects of sympathetic discharge were done by using electrical stimulation of the right or left stellate ganglia, 5, 6, 8 by which sympathetic discharge to the heart is partial and does not represent the total cardiovascular response. As well, it should be noted that the inotropic and chronotropic actions of exogenenously administered norepinephrine may differ from those of neuronally released norepinephrine. 9, 10 The aim of the present study was to examine the effects of sympathetic discharge to the whole heart on (1) inotropic change, (2) chronotropic change, and (3) coronary circulation with respect to the time course and stimulation frequency-response relations. In addition, to discriminate inotropic changes induced by heart rate (HR) we also performed a pacing study in which the HR was increased to a similar level to simulate the chronotropic effects of sympathetic stimulation. With these experiments we hoped to elucidate some unresolved problems including: (1) how time dependent responses of inotropism and chronotropism differ from each other in sympathetic discharge, (2) whether the negative inotropic effects by increased HR in rats 1 is found even during increased norepinephrine release, and (3) whether and how coronary vasoconstriction following sympathetic discharge competes with coronary vasodilation via increased myocardial oxygen consumption.
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Methods

Preparation
Twenty-five male Wistar rats, weighing 200-300 g, were used. They were anesthetized with pentobarbital (50mg/kg intraperitoneally) and ventilated artificially through a tracheal polyethylene cannula (Intravenous Catheter For Cut-Down 7Fr, Atom, Tokyo, Japan). The left jugular vein was cannulated with a polyethylene cannula (PE 50, Clay Adams, Parsippany, NJ, USA) for drug administration. Atropine (1 mg/kg, intravenously) and heparin (200 units, intravenously) were administered to block parasympathetic responses and blood clotting, respectively. After opening the thorax, a polyethylene cannula (PE 205, Clay Adams) was introduced from the femoral vein into the inferior vena cava and advanced to the right atrium to collect coronary venous effluent. Another polyethylene cannula (Venula 16G, Top, Tokyo, Japan) was inserted directly into the It is not fully resolved how the chronotropic and inotropic responses alter depending on the strength or duration of stimulation, and how the -vasoconstrictor effect competes with metabolic vasodilation during sympathetic stimulation. The present study investigated the effects of differential frequency stimuli on these responses in rat hearts during sympathetic stimulation while keeping the left ventricular end-diastolic volume constant. The heart was perfused at a constant flow or pressure with a modified Krebs-Henseleit solution. Electrical stimulation of sympathetic nerves (SNS) was performed at 4 frequencies (0.2, 0.5, 1 and 3 Hz) for 90 s in pithed rats without or with an 1 or 2 adrenergic receptor antagonist. The heart rate progressively increased during 3-Hz SNS (33±10% at 30 s, 38±14% at 90 s), whereas the inotropic action peaked at about 30 s and then decreased (left ventricular systolic pressure +23±8% at 30 s, -1±13% at 90 s). This phenomenon indicates a negative staircase, in spite of a gradual increase in norepinephrine release. The reduction of contractility did not differ from that shown by constant atrial pacing with an equivalent rate. The coronary 1-vasoconstrictor response was competitive with metabolic vasodilation only in the early phase of stimulation and the 2-vasoconstrictor action had little contribution to the regulation of coronary circulation. The fact that these results differ from previous findings suggests that sympathetic regulation of the heart should be reconsidered, although direct application of the present results to humans is not clear because of species differences. (Jpn Circ J 1999; 63: 710 -717) descending abdominal aorta, and then the abdominal aorta was tied above the adrenal artery to permit retrograde perfusion of the spinal cord and the heart. In order to allow retrograde perfusion of the heart, 5,6 a polyethylene cannula (PE 205) was directly inserted into the ascending aorta. The aortic arch was ligated to avoid mixing of this perfusion fluid with that from the descending aorta. The hearts (n=18) were perfused at a constant flow with warmed oxygenated modified Krebs-Henseleit solution containing: 118mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl2, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4, 2.5 mmol/L NaHCO3, 5 mmol/L glucose, 5 mmol/L sodium pyruvate 11 and 0.1 mol/L desipramine using a peristaltic pump (Micro Tube Pump MP-3B, Tokyo Rikakikai Co Ltd, Tokyo, Japan). In 2 later experimental protocols, hearts were perfused at a constant perfusion pressure (PP) of 80 mmHg (n=7, each). The perfusate was continuously gassed with 95% O2-5% CO2. The PO2, PCO2 and pH of the perfusates were 543±43 mmHg, 38±2 mmHg and 7.4, respectively. The superior vena cava was ligated just before connecting to the heart in order to block venous return. The venous return flowed freely through the incision sites prior to the ligation points of the venae cavae. After the completion of the perfusion of the heart, ventilation was stopped. Bilateral adrenalectomy was performed to block the release of catecholamines from the adrenal medulla via the blood vessels or lymphatics. 9 The spinal cord from C1 to the sacral end was pithed using a steel tube inserted through the occipital region. The central nervous system was thereby cut off from the spinal cord. A platinum bipolar electrode catheter, on which the electrodes were separated by 2 mm, was inserted into the spinal cord and placed at the T1-T5 level under fluoroscopic guidance in order to stimulate the cardiac sympathetic nervous system. 9, 10, 12 This position produces an optimal cardioaccelerator response because the majority of preganglionic cardiac sympathetic fibers originates from these spinal cord sites. 9, [12] [13] [14] The open thorax was gently covered with plastic wrap to keep the site moist and warm. The temperature of the thorax was maintained at 36±1°C by a thermostatic table. Perfusion pressure and flow were measured with a pressure transducer (AP 641G, Nihonkohden, Tokyo, Japan) and an electromagnetic flowmeter (FF-010T, Nihonkohden) via the cannula inserted into the ascending aorta. A polyethylene needle (SR-OT2051C, Terumo, Tokyo, Japan) was inserted through the apex to drain the LV effluent. A thin, latex balloon, with a 16G double lumen catheter (Argyle, Nippon Sherwood Medical Industries Ltd, Tokyo, Japan), was inserted into the LV cavity through the left atrium. The balloon was gently tied at the site of the left atrium to prevent its exit from the LV cavity. The catheter was connected to a pressure transducer to monitor LV pressure and its derivative (ie, the maximal positive (+) and negative (-) LV dp/dt), and HR. HR was measured with a cardiotachometer (AT-601G, Nihonkohden). Saline was infused into the LV balloon to adjust the LV end-diastolic pressure to approximately 5 mmHg in each experiment, and the LV volume was kept constant throughout the experiment.
Protocol
Electrical stimulation was performed with a series of monophasic square pulses of 1 ms duration and supramaximal voltage, in which the range of stimulation frequency was from 0.2 to 3 Hz (Electric Stimulator SEN-2201, Nihonkohden). We observed the effects of each frequency stimulus on hemodynamic variables during a 90-s period at constant flow (constant flow study, n=7). Before the 90-s stimulation, a stabilization period of 20 min was allowed. The first stimulation was performed at 0.5 Hz to determine the viability of the experimental preparation. Stimuli were then repeated at various frequencies (0.2, 0.5, 1, and 3 Hz) in a random order. Recovery periods of at least 15 min were allowed between these interventions, as previously reported by Dart et al. 5, 6 Under physiologic conditions, an increase in contractility would be accompanied by an increase in flow to meet the increased metabolic demand. Thus, we also investigated flow changes at constant PP with constant LV volume (constant PP study, n=3) as described earlier.
Experiments were also done in the absence of the LV balloon, using the same sympathetic nerve stimulation at 3 Hz. This protocol enabled us to investigate the effects of mechanical compressive forces (ie, isometric contraction against a balloon of constant volume with constant coronary inflow) and changes in coronary mechanics during sympathetic stimulation.
To assess rate-induced hemodynamic changes, the right atrium was paced electrically at constant PP (n=4) and constant flow (n=5) with constant LV volume. That is, to discriminate chronotropic from inotropic effects during sympathetic nerve stimulation, the HR alone was increased by electrical pacing without sympathetic nerve stimulation. This was done before the sympathetic stimulation protocol. In this 'pacing study', the right atrium was paced such that the HR was increased by approximately 30% above the baseline value. This value was 307±110 beats/min and was comparable to that obtained with sympathetic nerve stimulation (SNS) at 1 Hz in the constant flow study.
In another series of experiments with constant coronary flow, to examine the degree of -adrenergic vasoconstriction, we added an 1-blocker (bunazosine 10 -7 mol/L) or an 2-blocker (yohimbine 10 -6 mol/L) to the perfusate ( 1-blocker study, 2-blocker study). In this study, 1 ms of SNS was performed at 1 Hz and supramaximal voltage for 90 s at constant LV volume with and without 1 or 2-blocker (n=6). The first stimulation was performed withoutblocker and then the second and third stimulations were performed with 1 or 2-blocker in a random order. There were sufficient stabilization periods among these recovery times.
We analyzed the maximum response of each variable during SNS as well as during electrical pacing (stimulation frequency-response study). The peak values for those variables, in the first, second, and third periods of 30 s each (time-course study) were also measured. The venous effluent from the right atrium was collected for 30 s just before stimulation, and during every 30 s interval of the 90-s stimulation period for analysis of norepinephrine concentration.
At the beginning and end of each experiment, a bolus dose of 0.4 mg of adenosine was injected into the ascending aorta to elicit the maximal dilatory response of the coronary vascular bed at a constant coronary PP of 80 mmHg.
These experiments were conducted according to the Fukushima Medical University guidelines for investigations involving animals.
Biochemical Analyses
The effluent from the right atrium was collected into tubes containing 0.6 mol/L perchloric acid and kept on ice. Samples were assayed for norepinephrine (pmol/ml) by Japanese Circulation Journal Vol.63, September 1999 high-performance liquid chromatography (HPLC-725, Tosoh, Tokyo, Japan), using diphenylethylenediamine as a fluorogenic reagent. 15 The actual O2 values from standard solutions corresponded well with the theoretical values in the range between 0 and 700 torr and were measured with a blood gas analyzer (JBA-150K, Blood Gas Analyzer, Jookoo, Tokyo, Japan). Myocardial oxygen consumption (MV • O2, ml O2/min·g) was calculated as follows: MV • O2 = [(flow rate (ml/min)) / (heart (g wet weight))] × 0.0237 (PA -PV) / 760 where PA is the partial pressures of O2 in the oxygenated Krebs-Henseleit solution and PV is the outflow effluent O2 partial pressure; 0.0237 is the solubility coefficient of O2 in the Krebs-Henseleit buffer (ml O2/ml H2O per atmosphere at 37°C). 16 
Statistical Analysis
Data are presented as means ± SD. After determining a significant F value in the ANOVA test, we used the Fisher's protected least significant difference method as a post hoc test. We calculated Pearson's correlation coefficients between paired factors or indices. Differences were considered statistically significant at a level of p<0.05.
Results
Reproducibility
We performed repeated stimulations at a frequency of 0.5 Hz with the same preparation to examine reproducibility (n=6) by the constant flow method. These stimulation protocols (S1, S2) at 0. Sample tracing from the time-course study at 3 Hz with constant flow method. Heart rate increased during the 90-s period of electrical stimulation. The perfusion pressure, left ventricular pressure, positive derivative of left ventricular pressure (LV dp/dt) and negative LV dp/dt all peaked at 20 s, then decreased. PRE ST, pre-stimulation; PP, perfusion pressure; LVP, left ventricular pressure. vened). Although there were significant differences in systolic LV pressure (LVP syst, p<0.05) between the 2 prestimulation baseline values of S1 and S2, there were no differences in HR, PP and maximal positive LV dp/dt between S1 and S2 stimulations ( Table 1 ). The change in each variable from its corresponding baseline value was also not significantly different between S1 and S2 for each period of stimulation ( Table 1 ). The effluent concentration of norepinephrine also did not differ between S1 and S2. The order of frequency of stimulation (ie, 0.2, 0.5, 1, 3Hz) was randomized to avoid biased effects of prolonged perfusion.
Stimulation Frequency-Response Study
Mean maximum values for each variable at various frequencies with the constant coronary flow method are shown in Table 2 (n=7). All variables increased in a frequency dependent fashion and the characteristics of these responses following stimulation were clarified by the timecourse study. There was a significant correlation between stimulation frequency and maximal response for each variable (HR, r=0.73; LVP syst, r=0.80; positive LV dp/dt, r=0.82; negative LV dp/dt, r=0.82; and, norepinephrine concentration, r=0.93; all p<0.001). Maximal chronotropic action, represented by maximal change in HR, and maximal inotropic action, assessed by LVP syst and positive (+) and negative (-) LV dp/dt changes at each stimulation frequency, correlated well with norepinephrine concentration (HR, r=0.60, p<0.01; LVP syst, r=0.86, p<0.001; positive LV dp/dt, r=0.90, p<0.001; and, negative LV dp/dt, r=0.84, p<0.001). Thus, the chronotropic and inotropic actions showed similar frequency dependent increases.
Time-Course Study
The time-course study performed at various stimulation frequencies with the constant flow method is summarized in Table 2 (n=7). A sample tracing at 3 Hz is shown in Fig 1 . Table 2 shows the percent changes in each variable compared with the corresponding prestimulation baseline value. LVP syst rose slightly to moderately (maximum, 22.7% at 3 Hz) in the first 30 s after SNS at 0.5, 1 and 3 Hz and then decreased despite a continued increase in norepinephrine concentration ( Table 2, Fig 2) . The time course of the percent changes in maximal positive LV dp/dt and maximal negative LV dp/dt resembled that of LVP syst ( Table 2, Fig 2) . In contrast, HR increased significantly 30 s after SNS (especially at 1 and 3 Hz), and then continued to
∆LVP syst ∆+LV dp/dt ∆-LV dp increase for up to 90 s ( Table 2, Fig 2) . Correlations between HR and LVP syst were r=0.68 (p<0.001) at 30 s, r=-0.29 (NS) at 60 s, and r=-0.42 (p<0.05) at 90 s. At 1 and 3 Hz, perfusion pressure showed a small, but significant increase in the first 30 s, then decreased slightly, but not significantly compared to the baseline value in the next 60 s. Table 3 shows the percent changes in each variable at various frequencies with constant LV volume and at 3 Hz without the LV balloon in the constant PP study. Perfusion flow decreased during the first 30 s and then increased up to 90 s at 3 Hz. This tendency was not observed at stimulations of 0.5 and 1 Hz. Chronotropic and inotropic actions in this constant PP study resembled those in the constant flow study. Table 4 shows the results of the pacing study. In atrial pacing (338±75 beats/min) with constant PP, LVP syst decreased with increasing HR. In atrial pacing with constant perfusion flow, the responses of LVP syst and LV dp/dt resembled those in the constant PP study. In both the constant PP and flow methods, coronary hemodynamics were not significantly affected solely by an increased HR. Table 5 shows the results of the 1-blocker and the 2-blocker studies (n=6). The perfusion pressure tended to increase during the first 30 s and then tended to decrease during the following 60 s in the controls without theblocker, as shown in Table 2 and Fig 3. The perfusion pressure at 90 s tended to decrease with bunazosine compared with control values, but the difference was not significant (Fig 3) . Other variables also showed no significant difference between controls and the 1-blocker study. In the 2-
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∆LVP syst (%) ∆+LV dp/dt (%) ∆-LV dp/dt (%) NE (pmol/ml) blocker study norepinephrine concentration significantly increased with yohimbine, compared with the increase found at corresponding times in the controls. However, differences in each variable between the controls and the 2-blocker study were not significant because of the small number of experiments.
The difference in myocardial oxygen consumption between pre-and post-stimulation in the constant flow study (0.2-3 Hz, n=7) is shown in Table 2 . The difference increased in a frequency dependent fashion. Because myocardial oxygen consumption in the prestimulation stage was similar in each of the SNS, an increase of the difference in MV
• O2 indicated frequency-dependent MV • O2 elevation. In the constant PP study, MV
• O2 also increased in a frequency-dependent fashion (Table 3 ). In contrast, in the atrial pacing study, HR increased to similar values attained with SNS at 1 Hz with the constant flow method, but MV
• O2 was significantly smaller compared with that obtained with SNS at 1 Hz (Table 4 , p<0.01).
At the beginning of each experiment, when a bolus of 0.4 mg of adenosine was injected, there was a transient increase in perfusion flow from 11.7±1.0 to 14.9±2.0 ml/min (27.6±9.2% increase) 30 s after administering the drug. A similar vasodilatory response was obtained at the end of the experiment (23.4±2.8% increase).
Discussion
We found that when the frequency of electrical stimulation increased, the chronotropic and inotropic actions increased simultaneously with an augmentation in intrinsic catecholamine release. It should be noted, however, that the time to achieve a maximal response for these actions differed, not only with the constant coronary flow method but also with the constant PP method. A maximum inotropic response, assessed by LVP syst and LV dp/dt, was attained by about 30 s after stimulation and it subsequently gradually decreased. In contrast, the chronotropic response was rapid and large in the first 30 s and continued to gradually increase throughout the period of stimulation. An increased HR due to electrical stimulation is known to decrease contractility in the rat (the so called 'negative staircase'), [1] [2] [3] but the present study showed that a negative staircase is observed despite a rise in HR via augmented sympathetic stimulation accompanied by a large catecholamine release. It also suggests that the regulation of coronary circulation via sympathetic stimulation does not play an important role. As far as we know, there has been little study on the effects of different frequencies of stimulation on inotropic, chronotropic and coronary hemody-
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Methodological Considerations
In contrast to previous models using electrical stimulation of the right and/or left stellate ganglia, our model provides a better reflection of the cardiovascular responses due to sympathetic discharge to the whole heart. The stellate ganglion is the fusion of only the inferior cervical and first thoracic ganglia, and additional cardiac branches are known to arise from the upper four or five thoracic ganglia and pass to the cardiac plexuses. 17 Whether the change in coronary vascular resistance is a primary or secondary effect of sympathetic stimulation is difficult to assess in vivo, because of the aortic pressure rise and preload changes following sympathetic stimulation. 8, 18 The experimental model of LV isovolumic contraction with constant coronary flow or constant coronary PP used in the present study enabled us to evaluate the factors determining coronary resistance during sympathetic stimulation.
Study Limitations
There are important limitations to the model used in the present study. Variables were measured under open chest and anesthetized conditions. Thus, a relatively smaller coronary response to sympathetic discharge 5, 6 might have been induced. Furthermore, the oxygenated modified Krebs-Henseleit solution used as perfusate has been reported to produce tissue edema. 19 Nevertheless, this effect of the perfusion solution seems unlikely to have been significant (Table 1) . Another potential problem is that substances released with catecholamines during sympathetic stimulation, such as neuropeptide Y 20 and opioid substances, 21 were not analyzed. Therefore, the cardiac responses produced by electrical stimulation should be considered as the total effect mediated not only by norepinephrine but also by these other substances.
Cardiovascular Responses to Stimulation Frequency and Their Different Time Courses
In the time-course study, HR increased during the 90 s of stimulation, whereas LVP syst and LV dp/dt under constant loading conditions reached maximal values in the first 30 s following sympathetic stimulation and then decreased over the next 60 s irrespective of the coronary perfusion method (Tables 2,3; Fig 2) . It should be noted that the release of norepinephrine did not decrease, but rather increased significantly over this period (Table 2) . Thus, the timecourse of the inotropic response was clearly different from that of the chronotropic response and the deterioration of LV systolic performance observed at 3 Hz (Table 2, Fig 2) seemed to be larger compared with those during atrial pacing ( Table 4) .
The mechanism for the present negative staircase phenomenon is of interest. Hitherto, negative staircase (ie, the descending limb of function of the force-frequency relation) has been shown at high physiologic frequencies in rabbits and rats, 2,3,22 whereas a positive staircase by increasing HR (ie, enhancement of the force-frequency relation on myocardial contractility) has been demonstrated in dogs, pigs and humans. [22] [23] [24] In either case of a positive or negative staircase, amplification of the force-frequency effect by infusion of a -adrenergic receptor agonist has been reported. 22 Although this amplification of the force-frequency relation during administration of a -adrenergic agonist may provide an important mechanism influencing contractility, 25, 26 it has not been demonstrated whether or not this phenomenon actually works in the sympathetic discharge. The present study showed that augmented sympathetic stimulation led to large increases in HR and contractility, followed by a decrease of the latter irrespective of increased norepinephrine release or the method of coronary perfusion. In a brief period following sympathetic stimulation, -adrenergic receptor downregulation may not appear and as far as we know, this is the first demonstration of a time-dependent depression of myocardial contractility under SNS. The reason for the rapid appearance of depressed contractility is unknown. However, a rapidly developing negative staircase at higher HR may partly be explained by retention of Ca 2+ within the sarcotubular network, from where it must first diffuse to the subsarcolemmal cisternae before it can be released to bind to troponin. 2 Coronary vasodilation via increased MV • O2 was consistently observed in the present study, as shown 90 s after sympathetic stimulation (Tables 2,3 ). In contrast, 1-adrenergic vasoconstrictive regulation and extravascular mechanical compression have both been reported. 7, [27] [28] [29] [30] In the present study, however, 1-adrenoceptor mediated vasoconstriction alone was not significant (Table 5 , Fig 3) and intracardiac pressure itself played little role in the regulation of coronary resistance, as found in the protocol without a LV balloon (Table 3 ). In addition, in the 2-blocker study, norepinephrine release was larger (Table 5 ), as expected from previous studies. 6, 12 However, the effects on coronary vascular resistance were not significantly different either with or without the 2-blocker (Fig 3) . It remains to be clarified whether or not this relatively small vasoconstrictive response via the -adrenergic receptors depends on the model used.
In conclusion, the present study clarified the acute overall reactions of the rat heart during sympathetic outflow stimulation. It was shown that a negative staircase, as expressed by a decrease in LVP syst and LV dp/dt, easily appears despite an increase in norepinephrine release, whereas an increment in HR continues during this sympathetic stimulation. Although 2-adrenoceptor inhibitory action for inotropism during sympathetic discharge should not be neglected, 6,12 a negative staircase was also shown even after administering an 2-blocker. The present study also suggests that the sympathetic nervous system makes little contribution, if any, to the regulation of coronary circulation, which is in contrast to previous data. 7, [27] [28] [29] [30] However, because there are species differences in autonomic cardiovascular regulation, we must be careful in applying our results to humans.
